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Finally, the narrow field of view of a conventional ultrasound probe prevents simultaneous visualization of key anatomical structures of interest, such as the muscle-and osteotendinous junctions (29, 40) . These limitations may be overcome using 3D ultrasound (3DUS), which combines conventional 2DUS imaging with 3D motion capture in order to generate 3D reconstructions of in vivo anatomical structures in a fixed coordinate system (71) . 3DUS-based measures of lower limb muscle morphology have been validated in vivo against MRI (15, 44) and in vitro using cadaveric hand muscle (23) . 3DUS has been shown to provide accurate measures of volume and length compared with objects or "phantoms" with known dimensions (15, 26, 58, 63) , valid and repeatable measurements of intratendinous lesion volumes in equine flexor tendons (26) , and repeatable measures of human Achilles tendon volume, length, and average cross-sectional area (CSA) in vivo at rest and during a submaximal isometric plantarflexion contraction [intraclass correlation coefficients (ICCs) Ͼ 0.99] (58).
Although 3DUS is limited to evaluating tendon morphology under static loading conditions, the ability to quantify the 3D morphology of the Achilles tendon at rest and during muscle contraction has a number of potential benefits. First, it would lead to improved characterization of tendon morphology by capturing the variation in transverse dimensions along the length of the tendon. Such information may be useful for identifying differences between individuals and monitoring tendon adaptation. Second, the ability to measure changes in minimum or average Achilles tendon CSA during tensile loading would enable estimation of "true" tendon stress and lead to more valid estimation of material properties including Young's modulus and Poisson's ratio in vivo (22, 73) . Third, measuring the contribution of tendon diametral deformation to the overall change in CSA under load could have important implications for our understanding of tendon mechanobiology. The elliptical shape of the Achilles tendon may result in nonuniform transverse deformation during tensile loading that would vary along the length of tendon and provide evidence of regional tendon anisotropy in vivo. Regional variation in tendon deformation may create areas of increased stress and compression within the Achilles tendon affecting intratendinous fluid flow and increasing the risk of injury in these areas (4, 7, 62, 66) . While there is evidence that isolated tendon fibers and fascicles reorganize and rotate under tensile load creating increased intratendinous compression (18, 33, 39) , it is not known whether changes at the microstructural level translate to a measurable change in morphology at the organ level. Because tendon cells are sensitive to both tensile and compressive forces, evidence of regional deformation and potential stress concentration within the free Achilles tendon, will have direct impact on our understanding of tendon loading during muscle contraction and provide key in vivo data for the development and optimization of macroscale computational models of the Achilles tendon (66) . Finally, 3DUS could also be used to measure the degree of a "twist" or "rotation" of the Achilles tendon that was originally described in the 1940s (20, 75) and more recently quantified ex vivo (72) . Individual tendon fascicles of the gastrocnemius and soleus muscles appear to rotate about each other around the long axis of the tendon (68) , such that the whole Achilles tendon appears externally rotated from distal to proximal by ϳ37°(range ϭ 11-65°) in the transverse plane (72) . The work of van Gils et al. (72) used superficial pins inserted perpendicular to and along the length of 16 human cadaveric Achilles tendons to estimate rotation and noted that rotation was present in all specimens, but to varying degrees. The authors concluded that rotation of the human Achilles tendon reflects a normal developmental adaptation to growth and mechanical loading that likely plays an important role in the strength and function of the tendon in vivo (52, 66, 72) . However, rotation may also create localized tendon stress in the midportion of the tendon and compression and constriction of vascular networks (1, 66) and, as such, may contribute to the high incidence of injuries in this region (1, 3, 69, 74) . While recent studies have demonstrated rotation of isolated tendon fascicles during tensile loading using confocal microscopy (33, 39) , it is not known whether changes at the fiber level are representative of a change in morphology at the organ level.
Here we use the freehand 3DUS method described by Obst et al. (58) to quantify the regional 3D deformation and transverse rotation of the free Achilles tendon in vivo during voluntary isometric muscle contraction. Seventy percent MVIC was selected to ensure adequate tendon elongation and strain but to minimize the influence of fatigue on the accuracy and repeatability of the 3DUS-based measures (58) . The specific purpose of this study was to investigate longitudinal elongation/strain and corresponding regional changes in CSA, mediolateral diameter (MLD), anteroposterior diameter (APD), and transverse rotation of the free Achilles tendon during a submaximal isometric plantarflexion contraction.
METHODS
Participants. Eight male participants (means Ϯ SD for age, height, and mass were 28 Ϯ 2.4 yr, 178 Ϯ 10.2 cm, and 79 Ϯ 13.6 kg, respectively) volunteered to participate in the study. All participants were recruited from the local university population and provided written informed consent prior to participation in accordance with institutional guidelines. All participants were recreationally active and aged between 18 and 35 years and had no recent or recurrent Achilles tendon or lower leg musculoskeletal injury and/or surgery or upper or lower motor neuron disorders (e.g., cerebral palsy, muscular dystrophy). The study was approved by the institutional human research ethics committee and was performed in accordance with the Declaration of Helsinki.
Experimental design and protocol. Three ultrasound scans of the left Achilles tendon were performed on two consecutive testing sessions for each of the following experimental ankle conditions: 1) at rest in 15°passive plantarflexion and 2) 70% maximal voluntary isometric contraction (MVIC) of the plantarflexors in 15°plantarflex-ion. Participants were positioned prone on a plinth with their left knee joint at 0°flexion and ankle rigidly secured to a foot plate with an in-built force transducer (TFF600, Futek), such that the axis of rotation of the talocrural joint aligned with the axis of rotation of the force transducer. In this position the mean net ankle joint torque at rest was negligible (Ͻ2.5 N·m), and thus length measures made in this position would be considered a reasonable estimation of tendon "slack" length (53) . The angle of the foot plate was rigidly fixed at 15°r elative to vertical and confirmed using a mini digital inclinometer (810-110, Guilin Digital Electronic) (accuracy ϭ 0.1°). The corresponding position of the ankle joint when secured to footplate was ϳ15°plantarflexion. The ankle position was confirmed using a plastic goniometer using standard anatomical landmarks and measurement procedures with moderately high intrarater repeatability [ICC ϭ 0.82, (77) ]. Ankle joint positions were confirmed using a plastic goniometer and the order of experimental conditions were randomized. Prior to the ultrasound trials each participant completed three 3-5 s MVICs of the plantarflexors to precondition the tendon (45) and establish the target torque levels for the 70% MVIC trials. All torque data were recorded at 1,000 Hz using a custom LabView program (LabView 9.0, National Instruments) and USB data acquisition device (NI:USB-6259 BNC, National Instruments). Real-time visual feedback of torque with respect to time was provided using a second monitor to ensure participants achieve and maintain the target ankle torque for the duration of the trial. A rest period of 1-2 min was provided between isometric trials to minimize the influence of fatigue. The group mean standard deviation for ankle torque during the 70% MVIC was 1.31 Ϯ 0.89 N·m, indicating participants were able to match the required torque.
Freehand 3D ultrasound system. Our freehand 3DUS system was initially developed to evaluate muscle (15) and subsequently adapted to evaluate Achilles tendon morphology. In brief, the system consisted of a standard ultrasound machine (SonixTouch, Ultrasonix) and a five camera optical tracking system (V100:R2, Tracking Tools v 2.5.2, NaturalPoint) that was rigidly mounted to the ceiling to prevent movement and optimize the optical field of view for data collection. Ultrasound images were acquired using a 58-mm linear transducer (L14 -5W/60 linear, Ultrasonix) with a central frequency of 10 MHz, sampling frequency of 40 Hz and standardized B-mode image settings (depth 40 mm, gain 50%, dynamic range 65 dB, map 4, power 0). A custom thermoplastic casing attached to the end of the transducer held a 2-cm thick acoustic standoff pad (Ultra/Phonic Focus, Pharmaceutical Innovations) to enhance visualization of the tendon cross section. The 3D position and orientation of four reflective markers rigidly fixed to the ultrasound transducer were recorded using the optical tracking system. The 2D ultrasound images were subsequently transformed into the global coordinate system using a commercial software package (Stradwin 4.4, Cambridge University). Prior to data collection, temporal and spatial calibration of the ultrasound transducer was performed in a waterbath (22°C) using a single wall phantom calibration (61) . Following calibration, the coordinates of any pixel within a 2D ultrasound image were transformed into 3D space with an error of Ϯ0.8 mm. All scans were performed by a single investigator using a single transverse sweeping scan performed at a steady speed (ϳ1 cm s Ϫ1 ) commencing over the posterior calcaneus and progressing proximally along the midline of the posterior leg. Scan duration was ϳ10 -15 s with an approximate between-frame distance of 0.1 mm.
Image segmentation and surface rendering. Image acquisition and segmentation were performed using the Stradwin software package (71) , and postprocessing was performed using Matlab (Version R2012a, The Mathsworks). Free Achilles tendon cross sections were manually segmented using the original B-mode transverse images at ϳ5 to 10-mm intervals along the length of the tendon from the soleus muscle-tendon junction to the most distal part of the calcaneal notch (35) . These landmarks were first identified using the reconstructed sagittal plane image reslices and confirmed using the corresponding transverse image slices. Each tendon was represented by 8 -16 digitized cross sections. The corresponding 3D point clouds of each segmented tendon cross section were interpolated using a cubic spline function and averaged to represent the centroid of each cross section (i.e., cross-section centroids). The 3D surface was rendered by interpolating between indexed points of the cross section and along the length of the tendon (Fig. 1) .
Achilles tendon 3D morphological measurements. Achilles tendon length was defined as the cumulative sum of distances between consecutive cross-section centroids. Tendon elongation was calculated by subtracting tendon length in the 70% MVIC condition from the corresponding resting length. Tendon longitudinal strain was calculated by dividing tendon elongation by the corresponding resting length. Tendon CSA was defined as the area of the cross-section spline projected onto the plane perpendicular to the longitudinal spline tangent and was computed as the sum of n triangles formed by the cross-section centroid and two consecutive cross-section spline points. Tendon volume was computed by dividing the space between consecutive cross-section splines into hexahedrons representing the volume between opposite triangles and then into tetrahedrons, which were summed to compute total tendon volume. Tendon MLD, APD, and transverse rotation were obtained from the principal axis of each cross section. Briefly, each projected cross-section spline was filled with a grid containing n points separated by a distance of one third of the mean distance between the cross-section spline points. The area moment of inertia was computed assigning the same weight for all grid points, and eigen vectors were computed that corresponded to the principal axes of each cross-section spline. MLD was then defined by the intersection of the mediolateral principal axis with the crosssection spline. This intersection was represented as the four closest points of a plane containing the mediolateral principal axis vector, the cross-section longitudinal spline tangent and cross-section centroid. MLD was then computed as the maximal distance between these four points. The same approach was used to compute APD by using the corresponding anteroposterior principal axis vector, orthogonal to the mediolateral principal axis vector. MLD and APD transverse strains were calculated by dividing the change in diameter by the corresponding resting measures. Tendon transverse rotation was defined as the angle between the mediolateral principal axis of each cross-section spline relative to the most distal cross section (i.e., calcaneal insertion) and projected onto the plane of this reference cross section to avoid the influence of cross-section spline inclination. Negative transverse rotation was defined as external rotation relative to the orientation of the reference cross section (see Fig. 1C ). All tendon morphological and strain measurements are expressed relative to the normalized tendon length. See Supplementary Video 1 (Achilles tendon defor- 
Repeatability of ankle torque and tendon morphological measurements. Intertrial repeatability was assessed using the coefficient of variation (CV) for ankle torque, tendon length and volume, and the coefficient of mutliple correlation (CMC) for tendon MLD, APD, CSA, and transverse rotation (38) . Representative trial data for MLD, APD, CSA, and transverse rotation from a typical participant, including the corresponding ensemble average and CMCs, are displayed in Fig. 2 . Mean CV across both ankle conditions for torque, tendon length, and tendon volume were 4.3 Ϯ 4.5%, 1.2 Ϯ 0.07%, and 3.8 Ϯ 1.8%, respectively. CMCs for the remaining tendon parameters were acceptable with the highest values recorded for CSA (rest ϭ 0.92 Ϯ 0.04%; 70% MVIC ϭ 0.90 Ϯ 0.05%) and MLD (rest ϭ 0.95 Ϯ 0.06%; 70% MVIC ϭ 0.96 Ϯ 0.02%), and the lowest recorded for rotation (rest ϭ 0.68 Ϯ 0.18%; 70% MVIC ϭ 0.63 Ϯ 0.17%) (Fig. 2) .
Statistical analysis. The effect of the 70% MVIC on free Achilles tendon length, volume and mean CSA, MLD, and APD was assessed using two-tailed Student t-tests. The effect of the 70% MVIC on free Achilles tendon CSA, MLD, APD, and transverse rotation at each 10% interval of the tendon length was assessed using two-way repeated measures ANOVA. A priori pairwise comparisons were performed for tendon CSA, MLD, APD, and transverse rotation at each 10% interval using Bonferroni corrections for multiple comparisons. Relationships between tendon deformation and strain parameters were assessed using Pearson's product-moment correlation coefficient (r). All statistical analysis was performed using SPSS Statistics software (version 20.0, SPSS, Chicago, IL) and the significance level was set at P Ͻ 0.05. Data are reported as means (SD) and corresponding 95% confidence intervals (CI) where appropriate.
RESULTS
Mean ankle joint torque for the MVIC, 70% MVIC, and resting trials were 108.2 Ϯ 31.8 N·m, 71.6 Ϯ 21.3 N·m, and 2.25 Ϯ 0.51 N·m, respectively. There was a significant effect of contraction on free Achilles tendon length (t ϭ Ϫ6.77, P ϭ 0.00026), mean CSA (t ϭ Ϫ3.16, P ϭ 0.016), mean MLD (t ϭ Ϫ6.34, P ϭ 0.00037), and mean APD (t ϭ 3.72, P ϭ 0.007) and no effect on tendon volume (t ϭ Ϫ0.40, P ϭ 0.701) ( Table  1) . Mean longitudinal tendon strain (ε L ) during the 70% MVIC condition was 6.4 Ϯ 3.1%. There was a significant main effect of contraction and measurement site on tendon CSA, MLD, APD, and transverse rotation (P Ͻ 0.05) and significant interaction between contraction and measurement site on tendon MLD (F 10,70 ϭ 2.76, P ϭ 0.006), APD (F 10,70 ϭ 2.76, P ϭ 0.006), and transverse rotation (F 10,70 ϭ 2.76, P Ͻ 0.0001). A priori pairwise comparisons revealed a significant difference between ankle conditions for all four tendon parameters (CSA, MLD, APD, and rotation) at 40%, 50%, and 60% of tendon length (Fig. 3) . Group mean transverse strains for CSA, MLD, and APD averaged over the length of the tendon were Ϫ5.5 Ϯ 4.0%, Ϫ8.7 Ϯ 4.1%, and 8.7% Ϯ 6.8%, respectively (Fig. 4) . Group mean peak CSA, MLD, and APD transverse strains were Ϫ7.4 Ϯ 7.5%, Ϫ14.6 Ϯ 6.2%, and 12.9 Ϯ 6.3%, respectively, and occurred between 40% and 60% of tendon length. Mean Poisson's ratio () was 0.55 Ϯ 0.3 (n ϭ 7). Because estimation of Poisson's ratio may not be reliable when longitudinal strain is less than 2.7% (73), data from subject 8 (ε L ϭ 1.2%) was not included in our estimation of Poisson's ratio.
DISCUSSION
This study provides the first in vivo data that describe the 3D deformation and transverse rotation of the free Achilles tendon during a submaximal isometric plantarflexion contraction. We report three main new insights. First, free Achilles tendon mean CSA and MLD is reduced and APD is increased during contraction-induced elongation. Second, peak changes in tendon CSA and transverse deformation tended to occur in the midportion of the tendon. Finally, the degree of twist previously reported in the Achilles tendon at rest appears to be accentuated during contraction-induced elongation. The results of this study could have important implications for our understanding and estimation of stress distribution within the human free Achilles tendon in vivo, the role of regional transverse deformation and strain for tendon adaptation and injury, and the development of multiscale computational models of tendon behavior (66, 70) .
Cross-sectional area of the free Achilles tendon. Consistent with previous in vivo studies (5, 51, 54, 56) , free Achilles tendon CSA was greatest at the calcaneal insertion, progressively decreased proximally, reaching a minimum of 0.58 mm 2 Ϯ 0.13 mm 2 at ϳ70% of the tendon length (i.e., ϳ5 cm proximal to calcaneus). During contraction there was a significant reduction in mean CSA, which was strongly correlated with longitudinal tendon elongation, and primarily driven by decreased CSA in the mid region of the tendon. The lack of change in CSA in the proximal and distal regions of the free tendon could be due to different material properties and/or an anchoring effect provided by the muscle-and osteotendinous junctions, respectively, which would limit longitudinal strains in these regions (12, 13, 25, 37) . Our results suggest that for a given tensile force, the midportion of the free Achilles tendon could experience higher stress and shear loading compared with the proximal and distal portions. Regional variations in tendon stress may be important for tendon homeostasis due to areas of localized matrix deformation, nonhomogenous longitudinal strain, and the creation of hydrostatic intratendinous pressure gradients causing further fluid-flow-induced shear stress (8 -10, 24, 32, 65) . While the stress-strain distribution of the whole tendon does not necessarily reflect that at the fiber level (34), the observation that peak tendon stress may coincide with the tendon region that is poorly vascularized and ill suited to resisting shear loads, may help to explain the high incidence of tendon ruptures and degeneration in this region (48, 50, 51, 64) . Furthermore, we also found an inverse linear relationship between tendon elongation and CSA deformation (r ϭ Ϫ0.93) and tendon longitudinal strain and mean CSA strain (r ϭ Ϫ0.84), which is in support of previous in vitro studies (60, 73) . Accordingly, a more compliant tendon may experience higher longitudinal strain and average stress for an equivalent contraction-induced tendon force and therefore be at greater risk of both strain and stress induced injury, compared with a less compliant tendon with the same dimensions.
The findings that mean and midregion tendon CSA significantly reduced during contraction-induced loading questions the use of estimating Achilles tendon stress ("engineering stress") in vivo using a constant tendon CSA measured at rest (73) . According to our data, the use of a resting mean or midportion (i.e., 40 -60% tendon length) CSA would underestimate the "true" tendon stress by an average of 5.3% and Fig. 3 . Group data for free Achilles tendon (A) cross-sectional area (CSA), (B) mediolateral diameter (MLD), (C) anteroposterior diameter (APD), and (D) transverse rotation obtained at rest (solid), during a 70% maximal voluntary isometric contraction (MVIC) (dashed), and expressed relative to normalized tendon length (0% ϭ calcaneal insertion; 100% ϭ soleus muscle-tendon junction). Error bars represent one standard deviation of the mean (n ϭ 8). A priori multiple pairwise comparisons were performed to assess the effect of the 70% MVIC at each 10% interval for all tendon parameters. Asterisk indicates significant differences between ankle conditions at the corresponding tendon region (P Ͻ 0.05). Fig. 4 . Group data comparing free Achilles tendon cross-sectional area (squares), mediolateral diameter (circles), and anteroposterior diameter (triangles) transverse strains at 70% maximal voluntary isometric contraction, expressed relative to normalized tendon length (0% ϭ calcaneal insertion; 100% ϭ soleus muscle-tendon junction). Error bars represent one standard deviation of the mean (n ϭ 8).
6.4%, respectively. The difference between engineering and true stress may be further exaggerated when single CSA measures are used, such as the minimum CSA or CSA at a predetermined location. Further, because of the inverse linear relationship between tendon CSA and longitudinal elongation/ strain (73), failing to account for changes in tendon CSA under tensile load would lead to underestimation of Young's modulus, particularly when computed from a small number of data points or data from the upper portion of the stress-strain curve (47, 49) .
Longitudinal strain and Poisson's ratio for the free Achilles tendon. The 70% MVIC condition chosen in the current study corresponded to a mean longitudinal strain of 6.4% Ϯ 3.1% that is within the range reported in previous in vivo studies of free Achilles tendon strain during submaximal isometric contractions [ϳ5.3% at 50% MVIC (25) ; ϳ8% at 87% MVIC (49); ϳ3.3% at 60% MVIC (37); ϳ3.8% at 50% MVIC (42)]. On the basis of our estimate of tendon longitudinal strain and mean CSA deformation (73), we computed an average Poisson's ratio for the free Achilles tendon of 0.55 Ϯ 0.30 (SD) (range ϭ 0.17-1.13). Our estimate is comparable to previous estimates of the human Achilles tendon aponeurosis [ϳ0.6 (37)], equine flexor tendons [ϳ0. 55 (73) ] and isolated rat tail tendon fascicles [ϳ0. 8 (18) ]. Together with the finding that tendon volume did not change during the 70% MVIC, our estimation of Poisson's ratio supports previous suggestions that whole tendons behave isovolumetrically and are incompressible under tensile load (37, 73) . It should, however, be noted that the mean detectable change for our tendon volume measures was ϳ0.2 ml (58), and so we cannot discount small fluctuations in fluid content in response to our loading protocol.
Mediolateral and anteroposterior diameter of the free Achilles tendon. In line with a previous in vivo study on the free Achilles tendon (37) , our data indicate the whole tendon narrowed during contraction-induced elongation, as evidenced by a significant decrease in mean MLD and corresponding mean negative strain of 8.7%. However, in contrast to the findings of Iwanuma et al. (37) , whereby free Achilles tendon transverse (i.e., width) strain peaked near the calcaneus (Ϫ4.5%) and reduced proximally, our results suggest the tendon narrowed along its entire length, with a mean strain of Ϫ8.7% and peak strain of Ϫ15% located in the midportion of the tendon. While differences in loading protocols, including ankle position [15°plantarflexion present study; neutral (37) ] and fixation method, and resultant longitudinal strain of the free tendon [6.4% (present study); 3.3% (37)] may account the variation in transverse strain magnitude, the method used to compute tendon width likely had the greatest effect. Iwanuma et al. (37) measured tendon width using a curved line bisecting the tendon center and lateral edges, and, as such, transverse strain measurements would have been directly influenced by changes in tendon thickness (i.e., APD), which according to our data peaked in the mid-and proximal tendon. Hence, transverse strain as defined by Iwanuma et al. (37) may have been offset or underestimated in these regions because of associated positive strain in the anteroposterior axis. It is therefore difficult to compare our transverse strain results with those of Iwanuma et al. (37) , particularly for mid-and proximal tendon measurements. Nevertheless, our results support the overall finding of Iwanuma et al. (37) that the free Achilles tendon narrowed during contraction-induced elongation and experienced an overall negative transverse (i.e., MLD or width) strain that was proportional to the contraction intensity and thus longitudinal strain. We also extend the findings of Iwanuma et al. (37) and demonstrate the free tendon also became thicker (i.e., increased APD) as indicated by a mean positive strain of 8.7%. Furthermore, our data suggest an inverse linear relationship between regional MLD and APD strain (r ϭ Ϫ0.90) and mean MLD and APD strain (r ϭ Ϫ0.71) (Fig. 4) . Morphologically, these changes resulted in the tendon becoming more cylindrical in shape, particularly within the midportion, and suggest internal reorganization of free Achilles tendon fascicles (16, 43) . Mechanical and structural independence of Achilles tendon fascicles has been identified previously, and may be critical to accommodate asymmetrical force production by activation of the triceps surae muscles (7, 41) and minimize areas of stress and strain concentration (34) . Internal reorganization of fascicles could, therefore, occur due to nonuniform displacement of triceps surae muscle aponeuroses and tendon fascicles (2, 6, 7, 17, 28, 41) and/or interfascicular sliding, rotation, and packing within the paratenon (18, 34, 39, 62) . Hence the ability of the free Achilles tendon to dynamically change cross-sectional shape under tensile load may have direct implications for intratendinous force distribution (34), fluid flow (62, 76) , and tissue homeostasis (16, 66) . Future work is needed to establish the differences in transverse strain behavior between healthy, aged, and injured tendons and to investigate the role of biaxial transverse strain as a stimulus for short-and long-term tendon adaptation.
Transverse rotation or "twist" of the free Achilles tendon. Our results indicate negligible transverse rotation of the free Achilles tendon at rest (mean ϭ Ϫ0.18 Ϯ 1.82°; peak ϭ 3.5 Ϯ 0.9°). These values are smaller than reported by van Gils et al. (72) and likely reflect differences in measurement techniques, the tendon region over which rotation was measured [free tendon vs. whole tendon (72)], and inherent problems associated with comparing in vivo and in vitro tendon properties (46) . More importantly, however, our study showed a significant effect of the 70% MVIC on mean and midportion tendon rotation, such that the tendon was externally rotated relative to the resting condition with a mean and peak rotation of approximately Ϫ4.5°and Ϫ9°, respectively. The direction of the rotation identified for the whole tendon under load in our study appears consistent with the direction of the rotation of tendon fascicles reported by Szaro et al. (68) when expressed in the same frame of reference (i.e., from distal to proximal). To our knowledge, this is the first in vivo evidence of free Achilles tendon transverse rotation during tensile loading, and hence it is difficult to speculate on the origin and relevance of tendon rotation. Increased transverse rotation during muscle contraction could be due to increased calcaneal inversion (41) or changes in triceps surae muscle shape, location (27, 36) , and/or contribution to tendon force (2, 7) during isometric contractions. Furthermore, the observed regional variation in transverse rotation may in fact reflect the changing cross-sectional orientation of free Achilles tendon fascicles, in particular the fascicles formed from tendon fibers arising from the medial head of the gastrocnemius muscle (68) , relative to the tendon longitudinal axis of rotation (41) . Regardless of the source, the implications of whole tendon transverse rotation on tendon function and adaptation are of interest. The finding that whole tendon transverse rotation increased in response to tensile Free Achilles Tendon Deformation and Transverse Rotation In Vivo • Obst SJ et al. loading appears consistent with observations of whole animal tendons (21) and isolated fascicles (34, 39) , whereby rotation was suggested as a mechanism by which tendons respond to and resist tensile strain, facilitate fluid flow, and optimize muscle force-length relationships. The location and magnitude of tendon transverse rotation may, therefore, have important implications for normal Achilles tendon function, adaptation, and the pathogenesis of overuse injuries (41) .
Limitations. Morphological measurements in the present study were restricted to the free Achilles tendon and under a single submaximal isometric loading condition and thus do not represent deformation and/or rotation of the whole Achilles tendon, including the aponeurosis, or allow comparison of regional longitudinal strain behavior. It is therefore difficult to draw firm conclusions regarding the contribution of the proximal Achilles tendon and muscles of the triceps surae to the global and regional patterns of deformation, strain, and rotation of the free Achilles tendon described in the present study. Furthermore, without concomitant estimation of in vivo tendon force, which in itself is problematic to obtain noninvasively, we can only speculate on the significance of the observed tendon CSA deformation on tendon stress. Similarly, because of inability to accurately define and segment individual tendon fascicles using ultrasound, our free Achilles tendon strain and rotation data are limited to the organ level and therefore do not reflect morphological and/or mechanical changes at the fiber/ fascicle level or permit distinction between longitudinal strains between regions of the free tendon. We estimated rotation as the angle formed between the MLD principal axes of each cross section relative to the cross section at the tendon insertion on the calcaneus. Our method therefore provides an estimate of whole tendon rotation along its length and is conceptually similar the methods for defining tendon rotation or "torsion" used by van Gils et al. (72) . 3DUS simply describes the shape and orientation of each cross section and cannot be used to infer localized tissue strains (or stiffness) within or between individual cross sections. Furthermore, we can also not discount the possible influence of tendon deformation on our transverse rotation measurements, particularly during the MVIC condition where the tendon shape approximated a circle. This may explain the relatively poorer reliability of transverse rotation measurements (CMC ϭ 0.63-0.68) during the MVIC condition compared with the other morphological measures (CMC ϭ 0.70 -0.98). Also, because rotation was defined relative to the orientation of the cross section at the tendon insertion comparisons made between, conditions may have been influenced by differences in the orientation of the calcaneus. However, we found almost perfect agreement (r ϭ 0.997) between the 2D point coordinates of the tendon crosssection origin at rest and under load, and thus the effect of calcaneal movement during the 70% MVIC on tendon transverse rotation was considered negligible. Finally, our measurements were based on the creation of a 3D surface to represent the tendon shape using spline interpolation of manually digitized 3D point clouds that approximated the cross-sectional shape of the tendon and were defined at regularly spaced intervals along the tendon length. Therefore, our method assumes relative uniformity in the tendon shape between these digitized cross sections.
CONCLUSION
The free Achilles tendon experienced negative strain along the mediolateral axis and positive strain along the anteroposterior axis when subjected to longitudinal strain via voluntary isometric contraction of the plantarflexor muscles, with the midportion of the Achilles tendon experiencing the highest overall transverse deformation and strain. We also observed that the free Achilles tendon rotated externally in response to contraction-induced longitudinal strain. Taken together, these findings are suggestive of a fundamental reorganization of collagen fascicles under load which could have implications for understanding the mechanisms underlying midportion Achilles tendon injury and adaptation of the tendon in response to mechanical stimuli. 
